Abstract: Influenza virus hemagglutinin (HA) contains antigenic sites recognized by the host immune system, cleavage sites cleaved by host proteases, receptor binding sites attaching to sialyl receptors on the target cell, and fusion peptides mediating membrane fusion. Change in an amino acid(s) in these sites may affect the potential of virus infection and spread within and between hosts. Influenza viruses with H1 HA infect birds, pigs and humans and have caused two of the four pandemics in the past 100 years: 1918 pandemic that killed 21-50 million people 1) and 2009 pandemic that caused more than 18,000 deaths.
Introduction
Outbreaks of influenza caused by influenza A viruses have continued to occur in birds and mammals including humans. Each year, seasonal influenza virus infects up to 100 million people worldwide, causing serious illness in 3 to 5 million people and 250,000-500,000 deaths.
3) Studies on the antigenic variation of influenza viruses have indicated that they have been continuing to undergo evolutionary changes. All of the subtypes of influenza A virus have been detected in the wild water bird reservoir. 4) Avian influenza viruses are maintained among the natural host birds but on rare occasions cross species to infect different animal hosts. In humans, who have no immunity, such an influenza virus of animal origin can lead to a pandemic, usually resulting in significant illness, a large number of deaths, disruption of social life and economic losses. In past century, the world had experienced three pandemics: the 1918 Spanish influenza caused by H1N1 virus, the 1957 Asian influenza caused by H2N2 virus, and the 1968 Hong Kong influenza caused by H3N2 virus. In this century, a novel H1N1 virus of swine origin was detected in humans in early Influenza epidemics occur every year and sometimes cause pandemics. The virus undergoes antigenic variation year by year due to the selection of antigenic variants by immunological pressure of the hosts. Genetic reassortment occurs in particular hosts such as pigs concurrently infected with genetically different influenza A viruses, leading to the emergence of a virus with an unprecedented subtype of HA. HA plays a pivotal role in the attachment to and penetration into the host cell ( Fig. 1 ). (A) Once the virus gets into the body, HA is the main antigenic glycoprotein on the surface of the virus that stimulates host neutralization antibody responses. Therefore, monitoring of antigenic properties and detection of amino acid changes in/around antigenic sites are necessary for the selection of influenza vaccine strains. (B) The virus remains in a noninfectious form until its HA precursor (HA0, Fig. 2a ) with a single arginine at the cleavage site is cleaved by host trypsin-like proteolytic enzymes found at respiratory and gastrointestinal tracts into HA1 and HA2 subunits. In the case of HA0 carrying multiple basic amino acids at the cleavage site of some avian strains of H5 and H7 subtypes, cleavage occurs by ubiquitous proteases, resulting in systematic viral spread and high mortality in most gallinaceous poultry, e.g., chickens and turkeys. (C) HA mediates virus binding to the specific terminal sialic acid on the cell surface. Detailed characterization of HA binding will provide an insight into the design of an inhibitor interfering with virus binding to host cell receptors that will be useful for therapeutic application. Binding preference of the virus from ,2-3 to ,2-6 is a prerequisite for transmission of avian viruses to humans. Continuous monitoring of change in the HA gene as well as in the host cell receptor specificity is important to stop these influenza viruses from adapting to humans. (D) The virus bound to its receptor is internalized by endocytosis. (E) In the acidic endosome, the cleaved HA with a fusogenic domain at the N-terminus of HA2 mediates fusion of the host endosomal membrane with the viral membrane, allowing entry of viral ribonucleoprotein into the host cell. Elucidation of the fusion mechanism will be useful for finding agents that can interfere with this function. Therefore, we will review characteristics and functions of HA (H1) to understand how the virus initiates infection and is transmitted and maintained in nature. We hope that this review will provide clues for ways to prevent influenza virus infection by stopping virus replication and mutation, for surveillance of viruses in animal and human populations, for prediction of future epidemic and pandemic threats, and for the development of new vaccines and antivirals.
Hemagglutinin glycoprotein structure
Influenza A virus, a member of the Orthomyxoviridae family, has a spherical size of about 100 nm in diameter. As shown in Fig. 2b , it is composed of a lipid bilayer, which is derived from the host plasma membrane, enveloping the ribonucleoprotein (RNP) complex consisting of eight negative sense singlestranded RNA (ssRNA) segments in complex with polymerase proteins (PB1, PB2 and PA) and nucleoprotein (NP). The eight ssRNA segments encode 12 viral proteins. The envelope-associated proteins, hemagglutinin (HA) and neuraminidase (NA), are inserted into the lipid bilayer as spikes. M1 matrix protein is involved in nuclear export and exists beneath the lipid bilayer. M2 proton ion channel is embedded in the lipid bilayer and is involved in pH maintenance. Polymerase basic protein 1 (PB1) and 2 (PB2) and polymerase acidic protein (PA) form a heterotrimeric RNA-dependent RNA polymerase. Polymerase basic protein 1 frame 2 (PB1-F2), a non-structural protein coded from the second of the three reading frames of the PB1 RNA segment, 7) is responsible for pathogenicity. 8) Nterminal truncated polypeptide (N40) is a recently found protein that is initially translated at AUG5 of PB1 codon 40 in the mRNA: it appears to interact with the polymerase complex, and loss of its expression can lead to impaired replication. 7) Nucleoproteins (NPs) needed for viral replication are associated with vRNA molecules. Non-structural protein NS1 is present in the nucleus of infected cells, 9) promoting efficient viral replication and virulence. 10) Nonstructural protein 2 (NS2) encoded from the same genetic segment as that for NS1 but with alternative splicing, also called nuclear export protein (NEP) since it contains a leucine-rich nuclear-export signal, 11),12) is bound to M1 protein. (NEP) functioning in control of viral transcription and regulation and vRNP export, 132) and M1 related to nuclear import and export of vRNP 133) are imported into the nucleus. The NS1 protein is a non-structural protein of a virion that possesses inhibitory activity against host immune responses.
10) PB1-F2 localizes to mitochondria and enhances apoptosis. 134) (vi) HA, NA and M2 are synthesized on the rough endoplasmic reticulum and matured in the Golgi complex. (vii and viii) The mature glycosylated HA and NA, nonglycosylated M2, NS2-M1-vRNPs, and other M1 and NS2 forming beneath the virus envelope 135) are transported to the apical cell membrane, where they are assembled into a progeny virion that finally buds from the host cell surface. Broken boxes represent influenza life cycle steps in which HA spike glycoproteins function and that are explained in detail in this review.
Influenza virus HA is coded by RNA segment 4.
14) It is cotranslationally translocated across the rough endoplasmic reticulum membrane (RER) (Fig. 1, step vi) and forms a precursor protein, a non-covalent homo-trimer (called HA0). 15) Signal peptide (17 amino acids) cleavage and N-linked glycosylation occur during the co-translational process. 16) Each resultant monomer has a molecular mass of approximately 60 kDa for the unglycosylated form, and its molecular mass increases depending on the number and complexity of N-glycans for the glycosylated form with 549 amino acid residues (Figs. 2a and 3). HA0 is transported through the Golgi complex to the plasma membrane and cleaved by cellular proteases 17) (Fig. 1 , steps vii and viii) to yield HA1 (327 amino acids) and HA2 (222 amino acids), HA0  HA1  HA2   19  324  329  185  222  213  34  63  77  84  95  119  127  129  140  143  163  156  166  169  171  173  196  198  207  224  240  278  289  154   133  138  153  155  183  185  189  192  219  225  228 Note: N40 is a newly discovered protein that is still not completely understood. (Fig. 2c) , a main structure responsible for membrane fusion machinery), (ii) esterase (comprised of two subdomains between FB and receptor binding regions, which are located in the middle of folded HA (Fig. 2c) ) and (iii) receptor binding (almost in the middle of HA1 of unfolded HA and at the top of folded HA (Fig. 2c) which are still linked by a disulphide bond; most influenza viruses contain a single basic amino acid residue (arginine, rarely lysine) at the cleavage site. 18) The HA glycoprotein of influenza virus is an integral membrane protein (type I transmembrane glycoprotein) that has a cylindrical shape with approximate dimensions of 135 Å (length) # 35-70 Å (radius) forming spikes that project externally. 19) Each monomer of the HA molecule consists of a globular head domain on a stem domain (Fig. 2c) . The globular domain consists of a part of HA1 only (including the receptor-binding domain and vestigial esterase domain), whereas the stem domain contains parts of both HA1 and HA2. 20) Amino acid sequences of HA are shown in Fig. 3 , and GenBank accession numbers are shown in Table 1 . All amino acid numbering of HA throughout this review is based on that of H3 HA. The globular domain consists of HA1 residues 116-261 folded into a jelly-roll motif of eight stranded antiparallel O-sheets and into a shallow pocket at the distal tip acting as a receptor-binding site surrounded by antigenic sites. 19) The remaining parts of HA1 run down to the stem mainly with O-sheets. HA2, which is a major part of the stem domain, is folded mainly into a helical coiled-coil structure by which the 80-Å-long helix forms the stem backbone. HA2 contains the hydrophobic peptide required for membrane fusion that is in a trimer interface far (about 35 Å) from the bottom of the molecule. A part of HA2 is a long helical chain with 28 amino acids anchored in the membrane followed by a 10-residue cytosolic tail. 20) N-linked oligosaccharides, which affect HA functions, are found both in globular and stem regions. The glycosylation sites appear to have a large variation in the globular head region of HA1 but to be more conserved in the stem region of HA1 and HA2. 21) Antigenic change in hemagglutinin HA is the major viral antigen inducing a neutralizing antibody response. Due to high replication rates but poor proofreading ability of a viral RNA polymerase, 22) progeny viruses with a mutated genome are generated and subsequently proliferate if environmental conditions are favorable for their survival; hence, progeny viruses that are most suitable for the environment, such as existing immunity, would become the predominant population. Consequently, the surviving viruses with mutated HAs (antigenic variation) have the potential to escape neutralization by a vaccine and antibody induced by prior infection and have the ability to reinfect human populations. 23) This explains the continuous occurrence of influenza annually and indicates the need for annual vaccine updates. The other feature of influenza A virus responsible for rapidly generating viral genetic diversity and being a particularly worrisome zoonotic threat is its segmented genome that facilitates reassortment between different strains of influenza A virus mixed in the same host, such as a pig susceptible to both human and avian influenza viruses, probably resulting in an influenza virus that is new in human populations. The new influenza virus with HAs able to bind to human-type receptor and new to human immunity may create a global pandemic (worldwide epidemic).
Virus strains in all previous influenza pandemics, including 1918 (H1N1), 1957 (H2N2), 1968 (H3N2) and 2009 (H1N1), have the ability not only to efficiently transmit between humans but also to introduce new antigenic properties into humans. 24) It remains unclear whether the source of the 1918 pandemic, well known as 'Spanish flu', was direct avian-to-human transmission or involvement of an intermediate host. 25) Within a few years after the pandemic hit, the 1918 pandemic strain became to settle, causing annual epidemics with gradual antigenic variation and lowered death rates; epidemic H1N1 viruses that originated from the 1918 pandemic are called 1918-derived H1N1 viruses. By 1957, the 1918-derived H1N1 viruses had disappeared from human circulation but can still be detected in pigs. However, human 1918-derived H1N1 viruses reemerged from a laboratory in 1977 and have been circulating continuously. 26) In general, the H1N1 2009 pandemic, the first influenza pandemic of the 21st century, is believed to have emerged through pigs and to have jumped to humans. Genetic analysis of the pandemic (H1N1) 2009 viruses showed that they were genetic reassortants between two unrelated swine viruses: six of the eight gene segments from the avian/human/swine triple-reassortant North American swine virus lineage and two gene segments (NA and M) from the Eurasian avian-like swine virus lineage; thereby, the H1N1 2009 virus is a 'quadruple' reassortant. 27) Although three gene segments encoding for NP, NS and HA proteins in the 2009 H1N1 viruses share a remote common descent from the 1918 virus with the seasonal H1N1 virus, the 2009 H1N1 virus is different from the seasonal H1N1 virus; for example, the 2009 HA has antigenicity that is sufficiently distinct from that of the seasonal H1N1 virus to induce a different immune response. 25 ), 28) However, when the 2009 H1N1 pandemic emerged and became the predominant strain, circulating 1918-derived seasonal H1N1 viruses started to decrease and subsequently seem to have rapidly disappeared from humans. 5) On August 10, 2010, it was announced that the 2009 H1N1 pandemic had ended, but the progeny virus continued to circulate as a seasonal influenza virus (post-pandemic period), resulting in the 2009-derived seasonal H1N1 virus lineage, which has circulated endemically and epidemically in humans. It is expected that the novel H1N1 virus will continue to evolve in humans in a similar way that the 1918 H1N1 virus did and become seasonal strain with antigenicity different from that of its original pandemic virus. 29) A better understanding of the HA evolution and variation is a prerequisite for improving the strategy for control of influenza by vaccination. Based on data from analyses of the HA sequence variation from natural isolates causing epidemics and from analyses of HA mutations by growing the virus with monoclonal antibodies, 5 antigenic sites (antibody-recognizing sites) were identified on HA (Figs. 3 and 5). They were designated as Sa (residues 128-129, 156-160, 162-167) and Sb (residues 187-198), which are located near the spike tip; Ca1 (residues 169-173, 206-208, 238-240) and Ca2 (residues 140-145, 224-225), which are between adjacent HA monomers (subunit interface) about halfway down the globular head; and Cb (residues [74] [75] [76] [77] [78] [79] , that is within the vestigial esterase domain near the base of the globular head (S: strain-specific; C: common), surrounding the receptor binding pocket as shown in Fig. 2c . 30) Substitutions of amino acids at these antigenic sites during infection are associated with antigenic change. A comparison of amino acid sequences of influenza H1 viruses isolated from different hosts in different years demonstrated that H1N1 viruses isolated from pigs in 1930 (early classical swine influenza viruses) show antigenicity similar to that of the 1918 pandemic virus with different amino acids only at S159N in the Sa site, G188S in the Sb site, D225G and S140P in the Ca2 site and A77V in the Cb site, suggesting that they share a common ancestor. virus shares similar amino acid residues in antigenic sites with those of the 1918 virus, which differ in only 10 amino acid residues: S159N in Sa site, G188S and T189A in Sb site, V169I, N171D and K209R in Ca1 site, S140P, Y141H and S145K in Ca2 site, and L75S in Cb site. 25 ),31) Vaccines made from 1918-like and classical swine H1N1 viruses cross-protect against the 2009 H1N1 virus in mice and humans and vice versa. 33 ), 34) H1N1 virus was first identified in pigs in the United States in 1930 and has continued to circulate in pig populations by passage to young susceptible (non-immune) pigs, causing economic losses. The classical swine H1N1 viruses from 1930 to 1990s were shown to be antigenically conserved. This slow evolution of influenza viruses in pigs is probably because they have little immune pressure; due to the short life span, the viruses are maintained in nonimmune pigs. 28) Swine H1N1 viruses can also be transmitted to other animals such as ferrets, turkeys, 35) cats and humans.
36),37)
The primal source of all influenza A viruses is wild aquatic birds, and these birds that are infected with the virus are usually asymptomatic. 38) Avian influenza viruses occasionally cause epidemics in poultry through infected feces or nasal or salivary excretions. 39) Antigenic sites on the HA of avian viruses are highly conserved, probably due to less complexity of the bird immune system. 29) Transmission of H1N1 viruses from humans to pigs (known as human-like swine viruses) and vice versa 36) , 40) and transmission of H1N1 viruses from birds to pigs (avian-like swine viruses) and vice versa 41) have been reported, and pigs are thus thought to be a potential mixing vessel to create a new virus with a novel HA antigen that may infect immunologically naïve humans. HA sequences of the 1918 and 2009 pandemic viruses, which were transmitted from animals to humans, are similar and they are different from seasonal H1 HAs. The difference in antigenicity between the HAs of human origin and animal origin is probably due to the different immune pressures in animals and humans.
Comparison within five antigenic sites showed that there were remarkable changes at Sb sites located at the tip of HA in all HA variants. 30) In addition to variations of amino acid sequences in antigenic sites, amino acid substitutions associated with acquisition of glycans near the antigenic sites interfere with host immune system surveillance. The presence of glycosylation sites (Asn-X-Ser/Thr, where X is any amino acid except Pro) is thought to mask the protein surface from recognition by an antibody because glycans are host-derived and thus not immunogenic in the host.
42) It appears that huSC18 HA has only one N-glycosylation site in the globular head domain at N95 near Ca2, whereas seasonal H1N1 viruses have gradually acquired up to four glycosylation sites, N95 near the Ca2 region and N129 or N131, N158 and/or N163 or N165 in the conserved Sa region, to achieve shielded antigenic sites for escaping the pre-existing immunity in hosts previously exposed to a less glycosylated antigen. 24 N129D, K157E and N159D in Sa; S188T/I and L194I in Sb; G173E, S206T/A, R208K and E238K in Ca1; and H141Y, A144S and D225G/N in Ca2. Two of these Indian isolates have one of two substitutions, S165N and K172T, resulting in additional N-glycosylation sites at 165 in Sa and 170 in Ca1. 43) Accurate prediction of antigenic changes is important for production of an influenza vaccine for the next season.
Receptor binding specificity of hemagglutinin
Influenza A viruses do not bind to or infect cells treated with neuraminidase, which catalyzes removal of sialic acid residues.
44) The binding to and viral penetration into cells can be restored by re-sialylation of the cells. 45) These findings lead to the conclusion that sialic acid is an essential component on the host cell surface for influenza A virus infection. Sialic acids (Sias) are a class of nine-carbon acidic amino monosaccharides (5-amino-3,5-dideoxy-D-glycero-Dgalacto-2-nonulosonic acid: neuraminic acid (Neu)) usually found at the outermost ends of N-glycans, Oglycans, and glycosphingolipids (gangliosides) that are involved in a broad range of biological processes, such as cell proliferation, apoptosis and differentiation. 46) In nature, Neu derivatives can be stabilized by acylation of the amino group at the C-5 position with an acetyl or glycolyl group, giving Neu5Ac or Neu5Gc, respectively (Fig. 5a) . 47) Neu5Ac and Neu5Gc are the most common forms of more than 50 types of sialic acid. Their distribution varies among tissues and animal species. Neu5Gc is found in most mammalian cells including cells in the respiratory tract of pigs 48) and primary swine respiratory epithelial cells (SRECs).
49) The HAs of all H1N1 swine-adapted viruses typically containing V155 or I155 have increased binding affinity for Neu5Gc-containing receptors. 50) However, Neu5Gc is found in healthy human cells less than 0.1% of total Sias 51) obtained only directly from nutrition due to an exon deletion/frameshift mutation in the human CMPNeu5Ac hydroxylase (CMAH) gene encoding CMAH required to transfer an oxygen atom to CMP-Neu5Ac for generation of CMP-Neu5Gc.
52) The lack of Neu5Gc production may render cells less susceptible to some infections, such as infection with enterotoxigenic Escherichia coli K99 53) and the malaria parasite Plasmodium reichenowi. 54) However, this infection-resistant mechanism in humans cannot protect cells from influenza infection because both Neu5Ac and Neu5Gc can be recognized by influenza A viruses and most influenza A viruses preferentially recognize Neu5Ac over Neu5Gc. 55) V155 was detected in pandemic (H1N1) 2009 viruses but not in previous H1N1 human viruses, suggesting that this novel H1N1 strain in the human population may acquire V155T in the near future (Fig. 3) .
Different influenza virus strains display clearly different preference for sialyl linkages at the C-2 position catalyzed by specific sialyltransferases: human and classical swine influenza viruses prefer to bind sialic acids attached to galactose by ,2-6 linkage, 55),56) whereas avian and equine viruses prefer sialic acids with ,2-3 linkage instead; Fig. 5b shows the chemical structures of sialic acids with ,2-6 and ,2-3 linkages. 56),57) These binding specificities have been believed to relate to glycan distribution on infection sites. By lectin binding studies and/or matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS) analyses, tissues of different animals and different tissues or cells within individual animals were shown to express different sialyloligosacharide isomers. Alpha 2-6 sialylated isomers are predominant in the human upper respiratory tract, but ,2-3 isomers are present in the lower respiratory tract of humans. 58),59) There is an increase in ,2-6 receptor expression compared with ,2-3 expression from the upper and lower parts of the porcine trachea towards the porcine lung, 48) and ,2-6 linkages rather than ,2-3 linkages are abundantly expressed in SRECs. 49 ) Alpha 2-3 and 2-6 linkages are found on the intestinal epithelium of chickens and quails 60), 61) and in lung and embryo cells of chickens and ducks.
62) Alpha 2-3 receptors are found predominately in avian enteric tracts.
63) The ability of the virus to bind to receptors on host cells is regarded as a primary indicator of its potential to transmit among hosts. For example, the classical H1 swine influenza viruses become adapted to grow in the allantoic cavity of embryonated chicken eggs by increased binding activity to Sia,2-3Gal receptors, which predominately exist in the allantoic cavity, 64) after passages in the eggs. 65) Not only two types of glycosidic linkages between Sia and Gal of terminal glycans, ,2-3 and ,2-6 linkages, which are well-known principal receptors targeted by avian and human influenza HAs, respectively, but also ,2-8 linkage found on many glycoproteins (e.g., neural cell adhesion molecules (N-CAMs)) and some gangliosides (e.g., GD3 (Neu5Ac,2-8Neu5Ac,2-3GalO1-4GlcO1-ceramide (Fig. 5b) ) have been shown to be bound by some influenza A viruses including reassortant A/NWS/ 33 66) and A/California/04/09.
67)
Modifications of inner parts of glycan receptors, such as sulfation, fucosylation and sialylation, at the second (Gal) or third (GlcNAc or GalNAc) sugar of the terminal trisaccharide (Sia-Gal-GlcNAc/ GalNAc-) have been shown to affect receptor binding of some influenza A viruses; for example, a human A/New York/1/18 virus (having dual ,2-3 and ,2-6 binding specificity) had reduced ability to bind to ,2-6-linked Sia but increased affinity for ,2-3-linked Sia that carried an additional negative charge, either sulfate or sialic acid group at the third sugar (GlcNAc) of the terminal trisaccharide.
68),69)
A/Mexico/INDRE4487/09 and A/Texas/15/09 pandemic H1N1 viruses isolated from patients with severe upper respiratory tract infection and fatal infection, respectively, have been reported to preferentially bind ,2-6-linked Sia and have the capacity for binding to ,2-3-linked Sia with fucosylation of the third sugar, GlcNAc (Fig. 5b) . 70 ) Sulfated glycans, 6-O-Su-3BSLN (Fig. 5b) , found in human airway mucins could prevent attachment of these influenza viruses to target cells. 68) Fucose was found at GlcNAc on position 3 of the terminal trisaccharide of some Nglycans in human upper respiratory tissues, 69) whereas fucose only at the initial GlcNAc of the N-glycan core connected to Asn was detected in porcine respiratory tissues, 48) intestinal tracts of the chicken and quail, 60) and chorioallantoic and amniotic membranes of embryonated chicken eggs. 64) In addition, glycan chain length depending on the number of N-acetyllactosamine units (LacNAc; [Gal(O1-4)GlcNAc] n ) was thought to influence receptor binding of influenza A viruses, as discussed below. 69) The HA1 subunit, which carries a receptor binding site, is responsible for attachment of the virus to specific sialyl sugar chains on the host cell surface. Changes in amino acid residues in the receptor binding region of HA can cause alteration of influenza binding preference. Evidence from molecular replacement and crystallographic statics demonstrated that the sialic acid binding site of H1 viruses is located in amino acid positions of 111 to 265 71) at the distal tip of each monomer of the HA trimer, which is formed by three secondary structures: one helix (190-helix, residues 190-198) and two loops (130-loop, residues 135-138; and 220-loop, 221-228) 71) at the edges of each HA monomer (Fig. 2c) .
Substitution of amino acids in the HA receptor binding region of H1 viruses and a receptor binding specific assay revealed that two amino acid residues at positions 190 and 225 in HA1 are critical as determinants of receptor binding specificity, by which H1 HA carrying E190 and G225 preferentially binds to ,2-3 receptors in avians, and H1 HA possessing D190 and G225 favors both ,2-3 and ,2-6 receptors in pigs, whereas H1 HA containing D190 and D225 effectively binds to ,2-6 receptors in humans (Fig. 6). 68),72),73) A shift of the preferential receptor-binding specificity from 'avian' to 'human' type seems to be a prerequisite for the creation of a human pandemic. All five 1918 H1N1 viruses from the Spanish influenza pandemic have D190 but differ at position 225; A/New York/1/18 and A/London/ 1/19 carry G225 identical to swine viruses and an avian virus adapted to pigs, whereas A/South Carolina/1/18, A/Brevig Mission/1/18 and A/ London/1/1918 have an additional change from G to D at position 225. These findings suggest that change of amino acid at position 190 (E to D) is likely to be the minimal change allowing the shift from binding to avian type receptors to binding to human type receptors. 74) This is supported by a finding that double mutations at E190D and D225G in huSC18 HA that changed binding preference from human to avian type receptors (called AV18 mutant) resulted in abolishment of viral transmission between ferrets; 72) there are similarities in virulence, pathology and immune response to influenza virus infection between humans and ferrets. 75) Analyses of HA-glycan cocrystal structures indicated that Y98, S/T136, W153, H183 and L/ I194, which are highly conserved among the different HA subtypes, are involved in anchoring Neu5Ac and, thus, the specificity of binding is governed by interaction of the HA receptor binding site with the asialo portion including the glycosidic oxygen atom and sugars next to the Neu5Ac residue (Fig. 6) . 69) PDB structural information used for analysis in this review is shown in Table 1 . Interaction of the receptor binding site on the HA of 1930-swine H1 virus (sw30) with pentasaccharide Neu5Ac,2-6GalO1-4GlcNAcO1-3GalO1-4Glc (LSTc; Fig. 6a , left column) used as a human receptor analog (PDB: 1rvt) is shown in umbrella-like topology in Fig. 6a , middle column. 71 ),76) This cocrystal structure is superimposed with huBM18 HA (PDB: 2wrg). These data indicated that there are two critical sets of HA amino acid residues interacting with long ,2-6 receptors: (1) K222, D225 and Q226 provide crucial contacts with the base region, the Neu5Ac,2-6GalO1-motif and (2) D190, Q192 and S193 make optimal contacts with the extension region, the -4GlcNAcO1-3GalO1-4Glc motif. The HA of sw30 contains D225G, which provides only the backbone carbonyl oxygen of glycine (G) positioned to interact with the Gal sugar in the base region but lacks extra contact of the side chain 68) (Fig. 6a, right column) . Receptor binding studies demonstrated that H1N1 human viruses have higher binding affinity for Neu5Ac,2-6GalO1-4GlcNAc (6Bsialyl(N-acetyllactosamine), 6BSLN) than that for Neu5Ac,2-6GalO1-4Glc (6Bsialyl-lactose), 6BSL) 77) and that this binding preference of 6BSLN over 6BSL can be abolished by a single mutation of 190, 78) suggesting that D190 plays a key role in contact with GlcNAc. E190D and/or G225E/D mutations were also shown to increase binding affinity of avian H1 HAs for 6BSLN.
79) The HA of the pandemic 2009 H1N1 virus, huCA09, has K222, D225 and Q226 in contact with the base region and D190, Q192 and S193 in contact with the extension region of the LSTc human receptor. Additionally, huCA09 HA has K133a (K133a in huSC18; R133a in swIowa30), unique K145 (S145 in HA1 of the other H1N1 viruses) and K156 (K156 in huSC18 and swIowa30) that make a positively charged lysine fence: K133a, K145 and K222 are positioned to anchor the Neu5Ac,2-6/2-3Gal base, whereas K156 provides optimal contacts with sugars beyond the extension region of the LSTc receptor. 80) It has been proposed that amino acid residues around the receptor binding site affect virus binding to the human receptor, including (i) I219 and E227 influencing orientation of the residue at position 186, which is a part of an interaction network with D190 81) and (ii) T200 interacting with Q191 in the 190-helix. 82) These residues in HA1 of the new H1N1 viruses would be changed to be adapted to humans; receptor binding evidence demonstrated that double mutations of T200A and E227A provided strong binding to the human receptor. 82) Human-adapted HAs bind with high affinity to long ,2-6 glycans containing a tandem N-acetyllactosamine structure such as Neu5Ac,2-6GalO1-4GlcNAcO1-3GalO1-4GlcNAc 83) in umbrella-like topology, whereas avian HAs and swine HAs prefer to bind to short sialylated glycans such as Neu5Ac,2-3GalO1-4GlcNAc (for avian HAs) and Neu5Ac,2-6GalO1-4GlcNAc (for swine HAs) in cone-like topology. 69 ),81) Determination of precise structures of N-glycans, which are required for sufficient viral infection into host cells, 84) showed that N-glycans derived from amniotic membrane (AM) cells and chorioallantoic membrane (CAM) cells of chicken embryonated eggs used for growing influenza viruses and N-glycans isolated from the porcine trachea and lungs consist of terminal short sialylated trisaccharide structures, Sia-Gal(O1-4)GlcNAc-, but not a long tandem N-acetyllactosamine structure. 48) In contrast, N-glycans derived from human bronchial epithelial (HBE) cells, which are representative upper respiratory ciliated epithelial cells, showed the presence of long sialylated glycans, Sia-[Gal(O1-4)GlcNAc (O1-3)]n. 69) The correlation between these glycan features and results of HA binding studies suggested that adaptation of influenza viruses to bind to sialylated glycans of a characteristic umbrella-like topology may be an additional factor for sufficient viral transmission between humans. The pandemic 2009 influenza viruses possess D at both positions 190 and 225 and were shown to bind to not only short but also long ,2-6 receptors. 85) D225 variants of the HA of pandemic (H1N1) 2009 viruses have been reported. 225E variants were detected in both severe and mild cases with similar frequencies, whereas 225G and 225N variants were detected only in severe cases; thereby, G or N in this position may be associated with severe human respiratory disease. 86 ), 87) In vitro single mutation from D to G at position 225 of the pandemic (H1N1) 2009 HA resulted in maintenance of the binding affinity for ,2-6 receptors with increase in the binding affinity for ,2-3 receptors and increase in viral binding to macrophages and type II pneumocytes in the alveoli and to tracheal and bronchial submucosal glands in human respiratory tissues. 88) The crystal structures of HAs of huPR34 71) and WDK05 89) interactions with trisaccharide Neu5Ac,2-3GalO1-3/4GlcNAc demonstrated two key amino acids, E190 and Q226 (highly conserved in H1N1 viruses), that make optimal contacts of HAs with the cone-like topology (Fig. 6b, middle column) . HAs of avian viruses with E190 favor ,2-3 glycans, 90) and E190D mutation found in swine and human HAs has poor electron density for ,2-3 linkage due to disruption of the Q226 position required for its interactions with glycosidic oxygen and the 4-OH group of Gal-2.
91) Human-adapted influenza virus HAs preferring ,2-6 over ,2-3 linkage not only provide the potential to bind to receptors on the human respiratory epithelial surface but also prevent them from entrapment by human bronchial mucin, which is rich in Sia,2-3Gal branches. 91 ), 92) Glycans (Fig. 4) on the globular head of HA shield antigenic sites from accessibility of antibodies, and due to location of the antigenic sites near the receptor binding site, these glycans influence HA binding to host cell receptors. Effects of glycans on the sialic acid-binding site are related to the number of glycans, location within HA and its structure. 42) Most studies have shown an inverse relation between the number and complexity of glycans near the receptor binding pocket in the HA head and the binding affinity: HA binding affinity for its specific ligand increases as N-glycans become less complex 21) , 93) or have disappeared. 93) The complexity and compostion of N-glycans on the HA molecule are host cell-dependent. 42 ), 94) More bulky N-glycans on the HA of MDCK-grown viruses than on the HA of egg-grown viruses were observed even though the HAs from both sources have identical sequences of amino acids. 95) In general, MDCK-grown viruses were found to have lower receptor binding activity than that of their egg-grown counterparts. 78) These findings suggested that the bulky N-glycans on the viral HA sterically interfere with virus-receptor interaction. In addition, glycosylation is site-specific, glycan structures at the same site on the HA molecule are very similar, and the glycan size decreases as the distance of the site from the viral envelope increases. 96) Moreover, sequence data indicated that there are no glycosylation sites on the receptor binding apex of the HAs of avian strains, swine strains, and both the 1918 and 2009 pandemic strains (Fig. 3) . Human-adapted H1N1 viruses usually have an additional glycosylation site(s) at residues 131/ 129 and/or 165 or 158 and/or 163 (H3 numbering). These data suggested animal species-related differences in HA glycosylation.
29),97)

Membrane fusion mediated by hemagglutinin
During the early stage of the influenza life cycle, the virus must fuse the viral membrane with the host membrane to release the viral genetic material into host cells for its replication (Fig. 1) . Uncleaved HAs (HA0) are unable to fuse the membranes, and HA0 of influenza viruses therefore needs to be cleaved into two subunits, an HA1 head and an HA2 stalk, by a host protease, in which the generated N-terminal HA2 fusion peptide (20-25 first residues of HA2) is buried into the interior of the molecule at neutral pH ( Fig. 7a and 7b) . 98 ),99) Cleavage of HA0 possessing a single arginine at the cleavage site occurs during viral budding or infection by a secreted or membranebound host trypsin-like protease, such as plasmin or tryptase, 100) which is located only at certain sites in the body, generally on mucosal surfaces of the respiratory and gastrointestinal tracts. 101) These host proteases are therefore determinants of the viral . 31) Five antigenic sites, Sa (green), Sb (blue), Ca1 (gray), Ca2 (chocolate) and Cb (slate), are located at the tip (Sa and Sb), halfway down (Ca1 and Ca2) and at the base (Cb) of the HA1 globular head. The first basic patch and the second basic patch are in the solid line ellipse. The first one is situated near the cleavage site, whereas the second is located at the base of the HA1 globular domain. There are three conserved basic residues (HA1: His18 and His38; HA2: His111) in the first patch and 6 possible basic residues (HA1: His47, His275, His/Lys285, His298, Lys46 and Lys50) in the second patch. Residues in cyan indicate nonbasic residue mutations found in most seasonal H1 HAs. Glycosylation sites are distributed over the entire H1 monomer. From 1918, H1 HAs that circulated in humans showed a tendency towards more glycosylation sites. Glycosylation sites (such as N19a, N131, N158, N163, N95 and N290) near or in antigenic regions and/or basic sites could interfere with immunity and infectivity. N278 (green) is an extra glycosylation site found only in the pandemic 2009 H1 HAs. N-glycans were added in silico into the H1N1 1977 3D protein structure using GlycoProt. replication sites. In contrast, HA0 with a series of basic amino acids Arg-X-Arg/Lys-Arg or its derivatives, where X is a non-basic amino acid at the proteolytic cleavage site, which is found in certain avian strains (common to highly pathogenic H5 and H7 viruses arising by mutation of low pathogenic H5 and H7 progenitors in poultry), is cleaved intracellularly in the trans-Golgi compartment by ubiquitous proteases that recognize the multibasic motif, such as furin (a subtilisin-like endoprotease) and proprotein convertase 6 (PC6), present in a wide range of different host cells; hence, the highly pathogenic influenza viruses cause systemic lethal infection 102),103) with a high mortality rate up to 100% in poultry. 104) Passage of influenza viruses in either cell cultures or chicken embryo cells in the presence of a non-trypsin-like protease with neutral cleavage site specificity, chymotrypsin, elastase or thermolysin, resulted in replacement of a basic amino acid (Arg) at the HA0 cleavage site by a neutral amino acid, such as Ile, Thr or Met, depending on the substrate specificity of those proteases. Such mutant viruses contained HA0s that were resistant to trypsin activation but could be activated by the respective protease in different cell types, and they were apathogenic for chickens. 100) These findings suggested that the HA proteolytic cleavage site correlates with viral infectivity, tropism and pathogenicity. 99 ), 105) After the binding of HA1 to sialic acid receptors either in ,2-3 or ,2-6 linkages, the virus is taken up (endocytosis) into an endosome. As shown in Fig. 7b , at low pH inside the endosome, the cleaved HA undergoes a drastic conformational change, in which the HA1 head domain becomes detrimerized and separates from the HA2 fusion domain, except for a disulfide bridge linked between residues 14 and 137, and the HA2 domain undergoes two major structural (Fig. 8 ).
98), 106) The structure of the fusion peptide critical for viral fusion function has been characterized in detail. It is short with 23 amino acid residues composed of several large hydrophobic residues and several a.
b. glycine residues interspersed throughout the sequence. The hydrophobicity and helical structure have generally been believed to be responsible for interaction and membrane destabilization by perturbing regular lipid packing.
107) The fusion peptide sequence 1GLFGAIAGFIEGGWTGMIDGWYG23 is extremely well conserved in H1N1 viruses, except amino acids in bold being M17L substitution in sw30 and I18V substitution in hu07 and pdm09 (Fig. 3) . The small and apolar residue Gly, which is highly conserved between HA strains and is located at the N-terminus of HA2, has been shown to be a key amino acid necessary for fusion. Deletion of this residue (G1) 108) , 109) or site-directed mutations from Gly1 to either Val (G1V) or Glu (G1E) 110) completely abolished membrane fusion and viral infectivity, whereas a mutation from Gly4 to Glu (G4E) resulted in less efficient membrane fusion.
111) The NMR structure of G1V, which caused a complete fusion defect, showed an irregular approximately linear amphipathic helix but with replacement of Gly1 with Ser (G1S), which can lead to hemifusion (lipid mixing) but not to fusion pore formation (content mixing) and can form a normal amphipathic boomerang (V-shaped) structure (Fig. 8b, inset ) but cannot form a smooth glycine ridge on the N-terminal arm of the boomerang-shaped molecule. These findings indicated the importance of an angled and deeply membrane-inserted boomerang structure for hemifusion and the importance of a glycine ridge for driving the hemifusion into a full fusion pore.
110),112)
Substitution of a highly conserved Glu11 with either Gly (E11G) or Val (E11V) provided a mutant HA with fusion efficiency similar to that of the wild-type HA. 111),113) The residue Trp14 is also highly conserved and its mutation to Ala (W14A) completely blocked fusion; double electron-electron resonance spectroscopy showed that the W14A mutant has a very flexible angle between the two arms of the boomerang. This indicated that the large Trp residue plays a critical role in stabilization of the kink in the boomerang structure that is required for hemifusion. 114) Further studies on fusion activities of fusion peptide mutants are necessary for a better understanding of the fusion mechanism.
About 18 amino acids next to the fusion peptide sequence are heptad repeat (HR) regions (Fig. 3) consisting of a repeating pattern of seven amino acids as follows: Hydrophobic, Polar, Polar, Hydrophobic, Charged, Polar, and Charged residues. The HR pattern in the HA2 peptide sequence is indicative of a coiled coil structure, which is a bundle of ,-helices wound into a superhelix stabilized by hydrophobic interactions between adjacent helices. c.
d.
W14
Insertion Fig. 8 . Consequences of membrane fusion by influenza HA. a) In the pre-fusion state, the fusion peptides (green) at the N-terminus of HA2 are sequestered in the interior of the structure (PDB code 1ruz). b) Following proteolytic cleavage at HA2 arginine residue 329, the acidic environment induces conformational changes resulting in removal of the HA1s and exposure of fusion peptides (PDB code 1htm). Since the fusion peptides are hydrophobic, they interact with the bilayer membrane (extended intermediate state) by folding into a boomerang-shaped structure for tight interactions with the membrane. In the inset, the kink of the boomerang structure required for membrane fusion is stabilized by a tryptophan (W) residue at HA2 position 14 (red). c) Further conformation rearrangements in HA2 lead to apposition of the viral envelope and endosomal membrane (collapse of the extended intermediate).
When the two bilayers come into contact, they induce hemifusion, d) making bilayers open into a fusion pore (fusion pore formation state). After HA2 rearranges until it is fully symmetric, the pore cannot be resealed (post-fusion state).
In addition to an HR region adjacent to the fusion peptide, called HR1 (residues [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] , there is another HR region, called HR2 (residues 77-101), near the transmembrane domain (Fig. 7) . In the resting state at neutral pH, the hydrophobic fusion peptides are buried in the trimeric structure; HR1 and HR2 are distant from each other. Upon low pH activation, the fusion peptides are exposed and inserted into the cellular membrane; HR1 and HR2 undergo refolding that makes the helices bend to form a hairpin (formation of trimer-of-hairpins or a stable six-helix bundle) promoting viral and cellular membranes in proximity. These conformational rearrangements release Gibbs free energy, resulting in merger of the two membranes and ultimately pore formation.
116),117)
Near the cleavage site is a histidine-rich basic patch (Fig. 4) , which contains HA1 residues His18 and His38 and HA2 residue His111. This basic patch is highly conserved in both human and avian H1, H2 and H5 HA sequences. The patch has a pHsensitive property and has been proposed to destabilize the HA interface, allowing exposure of the fusion peptide. 118) At acidic pH lower than the pKa of His, His becomes protonated and the positively charged His can be strong enough to push HA apart, resulting in release of the fusion peptide in the endosome and rearrangement of HA structure leading to its insertion into the endosomal membrane.
118),119)
Another basic patch is found within the vestigial esterase domain at the base of the HA1 globular domain (Fig. 4) . The 1918 HA1 contains four histidines (His47, His275, His285 and His298) and one lysine (Lys50) in this basic patch. His47, His298 and Lys50 are observed in other H1 HAs. His285 has been replaced by a neutral residue, either Leu or Gln, in the seasonal H1 viruses since the first seasonal H1 isolate in 1934, whereas His275 has been substituted with an acidic residue, Asp, in the seasonal H1 viruses since 1950. The novel pandemic (H1N1) 2009 HA has His47, His275, the basic Lys285 instead of His285, His298, Lys50 and additional Lys46.
29) The 2009 HA also has an extra N-glycosylation site at 278-280 (NTT) near the second basic patch region and near the Cb antigenic site, and it has thus been proposed that glycosylation at this site might prevent access of basic enzymes to the basic patch region and possibly interfere with recognition of antibodies.
29) The presence of a larger basic patch in HA is believed to enhance the process of virus membrane fusion and subsequent infectivity.
118),120)
Conclusions
Much progress has been achieved in studies on the HA of influenza A viruses, and the results have provided a foundation for understanding the roles of HA in antigenic variation, host range and membrane fusion in viral entry. However, some key questions have not been answered yet. For example, exactly how a new pandemic strain arises remains unknown. It is not known why the 2009 swine-origin H1N1 virus became pandemic (worldwide geographic distribution in human populations), while other swine viruses, including its individual parent viruses (North American and Eurasian swine viruses) did not become pandemic even though the swine viruses are known to be occasionally transmitted directly from pigs to humans. Several factors, such as HA, 121) PB2 122) and NA, 121) may be involved in the evolution of a pandemic influenza virus strain. Little research has been performed to reveal the possibility that a nonhuman influenza virus must acquire mutations to recognize long ,2-6 sialylated glycans for efficient transmission in human populations to become pandemic. Recently, North American swine influenza virus isolates have been demonstrated to bind to long ,2-6-linked receptors similar to receptor binding profiles of early human pandemic 2009 H1N1 isolates and past seasonal H1N1 isolates. 70) Also, N-glycan analysis of cultured cells of primary swine respiratory epithelial cells (SRECs) revealed the presence of long ,2-6 receptors in SRECs, 49) not only in human bronchial epithelial cells. 69) Thus, further analysis of the sequences of glycans expressed on animal host tissues and more experiments on glycan arrays under more closely approximated natural conditions in conjunction with structural analysis of influenza virus HA binding or in vivo receptor binding experiments will undoubtedly lead to an understanding of glycan binding features of influenza virus HAs and changes in influenza HA that lead to changes in influenza host range. Lessons from the two past pandemics in 1957 and 1968 that emerged from reassortment between human and low pathogenic avian influenza viruses must be learned for strengthening surveillance of and response to emergence of new reassortant strains, especially between the novel H1N1 virus rapidly spreading among humans 123) and being the dominant influenza strain in most regions of the world today 124) and the highly pathogenic avian influenza H5N1 virus currently causing sporadic human infection with a high mortality rate. 125) Fusion mechanism is a model that needs to be verified experimentally. Further studies, such as sequencing coupled with bioinformatics, experimental analyses and the use of specific compounds with known actions, should uncover the mechanisms of antigenic variation of influenza viruses, the emergence of pandemic strains, receptor binding and fusion, leading to the development of novel vaccines and medicines for the prevention, control and therapy of influenza. Although several compounds have been reported to inhibit HA functions and virus infectivity, for example, glycopolymers carrying N-acetyllactosamine repeats 83) and N-(1-thia-4-azaspiro[4.5]-decan-4-yl)carboxamide inhibitors 126) possessing HAmediated attachment and HA-mediated membrane fusion inhibitory activities, respectively, no clinical HA inhibitors are available at present. It is possible that improved and new anti-HA inhibitors will be developed in the near future for influenza therapies and may be applied together with anti-influenza drugs currently available, such as oseltamivir carboxylate (Tamiflu; NA inhibitor) and zanamivir (Relenza; NA inhibitor) and/or with other recently developed anti-influenza drugs, such as T-705 (favipiravir, viral RNA polymerase inhibitor), 127) peramivir (long-acting NA inhibitor) 128) and laninamivir octanoate (long-acting NA inhibitor), 129) in order to enhance their efficiency and/or to reduce the rapid spread of drug-resistant influenza viruses as the consequence of error-prone replication of influenza viruses.
